[1] Vug waves are a joint deformation/fluid-migration mechanism in which a rock deforms by the movement of a penny-shaped, fluid-filled crack dislocation across a plane of shear, with migration of the crack and fluid driven by the release of elastic shear strain energy. Vug waves (here so named because a ''vug'' is a hole in the Earth and ''wave'' implies that it moves) may provide an effective means for (1) rapidly migrating and focusing relatively isolated batches of melt to mid-ocean ridge axes, (2) a possible origin for weakness and rheological and seismic anisotropy of Earth's asthenosphere, and (3) the origin of large, weak shear zones within Earth's mantle and crust. The existence of vug waves would also imply that in many geologic environments the strain-energy release from migrating a fluid-filled crack through a stressed solid may play a larger role in shaping fluid migration than the buoyancy of the fluid with respect to its host rock. 
Introduction
[2] In spite of the fundamental importance of magma transport in creating and feeding volcanic activity, the mechanisms of deep melt transport remain obscure. In the progression from mantle to surface, the matrix deforms initially as a highly viscous fluid at depth; as melt rises toward the cooler surface, the elastic properties of the matrix increasingly dominate the melt migration process. Thus every parcel of melt that reaches the surface is likely to travel through the mantle and crust by a range of mechanisms, as sketched in Figure 1 . Theoretical and observational studies have primarily focused on two potential mechanisms of melt migration, porous flow and tensile dike propagation (Figure 1 ), both driven by buoyancy of the melt, and a closely related mechanism in which melt segregation occurs by a reaction-infiltration instability. (These mechanisms will be further described in the next paragraph.) Another class of mechanisms, much less studied, involves melt migration, segregation, and self-organization driven by the differential stresses due to convection and/or plate spreading that are also driving the deformation of the solid. Examples of these mechanisms have been studied in experiments, at conditions where the matrix deforms predominantly by ductile creep mechanisms [e.g., Holtzman et al., 2003 ] and in models with continuum-mechanical compaction theory [e.g., Stevenson, 1989] . Here, we present a simple analytical model for a mechanism in which the matrix deforms elastically, representing the elastic end-member process on a continuum of viscoelasticity, as represented by the bottom axis of Figure 1 .
[3] During porous flow, the migrating melt is assumed to form an interconnected network of grain-boundary tubules or macroscopic veins (or both) through which it can flow like water through a saturated sponge. The melt ascends if buoyant; its flow can also be influenced by large-scale pressure gradients due to plate spreading or subduction zone flow geometry [Phipps Morgan, 1987; Spiegelman and McKenzie, 1987] and anisotropic permeability arising from deformation of the surrounding matrix [Phipps Morgan, 1987; Daines and Kohlstedt, 1997; Holtzman et al., 2003] . During tensile dike migration, the magma is assumed to be a buoyant fluid moving within a growing crack. For a typical magma-rock density contrast of 300 kg/m 3 , the length of a vertical crack must exceed 100 m (its ''Weertman length'' [Rubin, 1998 ]), before it can spontaneously rupture at its tip and ascend [Weertman, 1971; Rubin, 1998 ]. Stresses arising from matrix deformation only influence the direction of dike ascent through changing the orientation of the maximum tensile stress [Sleep, 1984] . The migration trajectories of fluid-filled tensile cracks have been recently explored with both analogue [Takada, 1990; Heimpel and Olson, 1994] and numerical [Dahm, 2000] experiments, but these studies did not explore the small crack length and finite shear deformation region of parameter space in which ''Weertman dikes'' would not move, yet vug waves might stably propagate.
[4] Another important branch of research into the melt-migration problem considers the role of meltrock disequilibria and dissolution-driven segregation [e.g., Aharonov et al., 1995] . In these models, melt transport is driven by melt buoyancy and pressure gradients, while segregation into channels is driven by a dissolution-transport instability in which the local dissolution of pyroxenes by local melt-rock interaction increases permeability, concentrating local flow. That this mechanism occurs at mid-ocean ridges is supported by observations of the distribution and chemistry of dunites in the Oman and other ophiolites [e.g., Braun and Kelemen, 2002] . It is not yet known how this process compares kinetically with melt segregation/ migration mechanisms other than viscous compaction, and over what depth-range it plays a significant role in shaping melt transport.
[5] Note the limited role of matrix deformation in shaping the above fluid transport mechanisms; in all of these fluid transport can occur in the absence of large-scale matrix deformation. Here we consider the ''elastic'' end-member example of a possible class of mechanisms for fluid migration in which matrix deformation is the primary force driving fluid migration. The fluid migrates as a means of reducing the internal strain energy of the matrix; in other words, the fluid migration is the primary agent of Figure 1 . Melt migration mechanism map. This 2-D space defines regimes of melt migration mechanisms defined by matrix behavior and driving force for melt migration. The horizontal axis is the Deborah number, De, defined in the text, which is the ratio of the viscoelastic relaxation time of the matrix, t, to the characteristic timescale of observation of the melt migration process, t vw . If the characteristic time is less than the relaxation time, then the effective matrix rheology response to the strains associated with melt migration will be elastic. The vertical axis is the Fg number, which is the ratio of the melt's gravitational energy release to the matrix's strain energy release during melt migration. Previous theories for melt migration in the crust and mantle have mainly considered the buoyancy of melt as the driving force for long-distance melt transport. In contrast, the vug wave theory considers matrix deformation to be a significant driving force for both fluid transport and segregation. The melt migration mechanism cartoons in this figure represent (a) porous flow and porosity waves, (b) tensile dike propagation, (c) vug waves, and (d) melt-rich networks formed by shear stressdriven segregation.
matrix deformation. We shall analyze the simplest case of coupled matrix deformation and melt migration. We call the penny-shaped, fluid-filled crack dislocation a ''vug wave.'' Vug is a Cornish word for a hole within the Earth (Oxford English Dictionary); ''wave'' was chosen to convey the idea that this deformation mechanism involves the migration of fluid-filled vugs through the rock: migrating penny-shaped, fluidfilled, self-healing crack dislocations. After developing an analytical theory of vug wave energetics, we will then examine its implications for melt migration and deformation in a range of geologic settings.
Recent Related Ideas in Physics and Geophysics
[6] Ideas that share some of the vug wave concept have been recently presented to explain the origin of friction and the earthquake slip process. Analogue experiments on the dynamics of sliding two foam blocks past each other [Brune et al., 1989 [Brune et al., , 1993 suggested that the key to the relatively lowstrength earthquake slip is the generation of a transient dynamically stable open and self-healing crack on the interface of earthquake rupture [Brune et al., 1993; Heaton, 1990] . This research pursued ideas arising from earlier work by Tolstoi [1967] and Shallamach [1971] on the importance of dynamic vibrations for frictional slip of rubber and other solids. Recent numerical experiments on the origin of a frictional contact surface between two elastic bodies have led to the analogous proposal that the formation and seismic-slip propagation of self-sealing microcracks at the contact surface between two elastic blocks is responsible for the basic friction process itself [Gerde and Marder, 2001] . The vug wave concept differs from all of these previous ideas in two basic aspects: (1) the vug crack is fluid-filled instead of an open void, so that normal stresses can be continuous across the vug crack surface. (2) Because of the (relatively!) smaller viscosity contrast between melt and a viscoelastic matrix, a vug wave can move ''slowly,'' stably propagating in the absence of inertial (i.e., seismic) forces. We anticipate that people will find a full spectrum of behavior between slow vug wave propagation and elastodynamic fracture processes.
Analytical Theory of Vug Wave Dynamics

Approximations
[7] To analyze the dynamics of vug waves in a s i m p l e f o r m , w e m a k e t h e f o l l o w i n g approximations:
[8] 1. The matrix deforms elastically. The elastic approximation to a viscoelastic rheology is wellfounded if the timescale for vug wave propagation is short compared to the Maxwell relaxation time of the viscoelastic matrix. Below, we demonstrate that this criteria is well met. In order for the elastic end-member analysis to be valid for a viscoelastic solid such as the mantle, the characteristic timescale for the vug wave process, t vw , must be shorter than the mantle's local viscoelastic relaxation time,
where h is the mantle's shear viscosity and its elastic modulus (%10 11 Pa). Symbols are defined in Table 1 . The relationship between the timescales of vug wave motion and viscous mantle relaxation is described by a dimensionless ''Deborah number,'' De. The relaxation time for the mantle is %3 years for a shear viscosity of 10 19 Pa s. We define the characteristic timescale for the vug wave movement as the time required for a wave to move over one crack length, essentially the time during which it interacts with the rock through which it passes. This characteristic timescale t vw = u vw /l, where l is the length and u vw is the velocity of a vug wave. For the situations considered in this paper, this elastic timescale approximation is well-satisfied.
[9] 2. The vug is assumed to be a crack-like feature, specifically a 2-D crack. This assumption is clearly oversimplified as the problem is not 2-D. We envision each vug wave is physically a threedimensional ''penny-shaped'' crack [Broek, 1987, p. 88] within the matrix, yet because 2-D fracture theory has a rich array of useful analytical solutions, we use this assumption common to previous studies of dike ascent through the mantle [e.g., Weertman, 1971; Spence and Turcotte, 1990; Rubin, 1998 ].
[10] 3. The vug fluid is assumed to be a Newtonian viscous fluid. Because the vug is ''crack-like,'' lubrication theory approximations are used to simplify the flow solution for viscous flow in a thin crack following the approach of previous workers [Spence and Turcotte, 1990; Rubin, 1998 ]. Note that the key aspect of this approximation is that the material within the vug deforms much more readily than its surroundings, which can also occur if the vug fluid is created by a process that causes the vug-filling material to exceed the ''rheologically critical melt fraction'' (RCMF) [Renner et al., 2000] . The RMCF is defined as the threshold melt fraction at which a partially molten assemblage changes rheology from a ''solid'' dominated by the mechanical properties of the matrix to a much weaker ''fluid'' dominated by the mechanical properties of the interstitial melt phase. This transition is further discussed in section 3.2.
[11] 4. For calculating the flow of the vug fluid, the vug is assumed to be a constant thickness crack of average width w. This last approximation allows a simple analytical solution for the flow within a crack.
[12] 5. The crack preserves its shape (i.e., we will search for and find a self-similar solution). The last two assumptions have the merit that they allow the following simple energy-based analysis of vug wave propagation. After developing and presenting the simple theory that emerges from these assumptions, we will discuss their physical implications and incompleteness when discussing possible ''closure'' processes for the migrating vug wave tail.
[13] In calling the vug wave a migrating crack, we are making a great simplification; in reality, we view this process as the movement of any concentration of melt driven by shear. The behavior of the matrix may be defined as a spectrum, with elastic and viscous end-members, as represented by the bottom row of Figure 1. (1) In the elastic case, a true fracture would propagate through a poroelastic medium and perfectly seal at its tail. (2) In the viscous case, the wave is simply a high concentration of magma (near or above the RCMF) in a viscous matrix driven by shear stress instead of the usual buoyancy. The viscous end-member is not described by the following equations, but we do discuss how far into the viscoelastic realm the following equations may have validity. In hightemperature, partially molten conditions a range of mechanisms may exist that could relax the stress concentrations at the front of the vug wave, such as small-scale diffusion or dislocation creep and surface tension-driven dispersion of melt by local porous flow. Another likely scenario is that melt migrates locally by porous flow toward the underpressured tip and causes grain disaggregation as the RCMF is surpassed; this concentration process is the propagation of the vug tip. In this view, as illustrated in Figure 2 , the complete propagation of , and the wave behavior arises when the effect of a rheologically critical melt fraction is surpassed in the vug region. In this case a vug wave in the mantle is similar to a porosity wave driven by shear stress, in that its tip is marked by a local increase in melt fraction. However, in a vug wave, farther from the tip, the melt fraction surpasses the rheologically critical melt fraction, and the melt-crystal mixture in the cavity deforms as a weak viscous fluid instead a solid. a vug wave involves the conversion of a partially molten rock to a suspension of crystals in magma at the propagating tip of the vug wave, with the reconversion to a matrix-supported partially molten solid at the tail. In this sense, the movement of a vug wave is similar to the propagation of a porosity wave that is driven by the strain-energy release associated with matrix deformation. In this paper, we avoid the wide range of complexity in these differing physical scenarios, to present the idea in its simplest, elastic-fracture form.
Analytic Solutions
[14] Conceptually similar to a dislocation, a vug wave moves as the agent of matrix deformation. Nondilatent (constant volume) motion of a vug wave involves breaking a new crack surface at the tip of the migrating fluid-filled vug dislocation, and closing the tail while preserving the matrix shear slip that occurs across the fluid, as illustrated in Figure 3a . In this case the matrix releases shear strain energy as the vug wave moves; the region of high elastic strain energy advances forward into the unslipped part of the matrix, and the vug wave follows in its wake.
[15] In two dimensions, i.e., assuming a crack geometry that is infinitely long in the out-of-plane direction, analytical expressions are known for these crack energetics. (The book by Lawn [1993] provides a good introduction to the subject of fracture mechanics, while Tada et al. [1973] is a compendium of analytical solutions.) The mode II (shear) energy release, G II tip , per unit length of vug wave propagation is calculated assuming that the dislocation is zero at the crack tip (x = l), and reaches its maximum (permanent) slip at the crack's tail (x = 0). This shear strain energy release is given by G II tip for the tip of a shear crack of length 2l [Tada et al., 1973, p. 1.8] : where the shear stress Ds = s Far À s vugÀwall % s Far (i.e., assuming the fluid-filled crack cannot sustain a sizable shear stress across it), n E is Poisson's ratio, K II is the mode II stress intensity factor or fracture toughness (a measure of the energy consumed in forming a new surface at the growing tip), and m E is the shear modulus of the medium through which the vug wave propagates. The 2-D geometry of the idealized vug wave (VW) is shown in Figure 3b . Because the tail end of the VW incorporates a permanent slip dislocation, its offset and stress are equivalent to the offset and stress at the midpoint of an isolated shear crack of twice the length in the same regional stress field. For crack motion at a speed u, the net rate of G II tip energy release is
Vug wave ascent also leads to a reduction in gravitational energy (the equivalent to a buoyancy force when considering energetics). This driving term is typically small in comparison to the reduction in strain energy (as will be discussed in a later section), but still plays an important role in favoring buoyant ascent over descent. For ascent at an angle q from the vertical, the rate of gravitational energy release from a vug wave of mean width w is
where Dr = r melt À r matrix .
[16] In order for the fluid to flow into the growing tip, it must be an open crack (mode I). Pressure within the fluid must drive crack-tip opening; the along-crack pressure can be described as the combination of a mean overpressure and a pressure gradient, illustrated in Figure 3c . Tip opening and tail closing during vug wave motion consumes net mode I strain energy. (We will later find that tip opening and tail closing consumes two thirds of the mode II strain energy liberated by vug wave motion, with the rest of the energy primarily consumed by viscous dissipation linked to moving the fluid within the moving crack.) The net mode I strainenergy consumption G I tip À G I tail is found by using the solutions for the tip-and tail-stress intensity factors for a crack with a linearly varying crack pressure along its length [Tada et al., 1973, p. 5.13] . A constant along-crack pressure gradient is that needed to move the fluid through a constant thickness crack as shown in Figure 2c :
where P is the mean vug crack overpressure, dP/l is the along-crack pressure gradient, and l, n E , and m E are defined above. This equation describes the difference in energy consumption between opening the tip and closing the tail of the crack. For a vug wave moving at speed u, this implies a net mode I energy consumption rate (where the minus sign reflects ''consumption'')
[17] There are two additional sources of resistance to vug wave motion: (1) the fluid must move as the vug wave moves (which induces viscous dissipation within the moving fluid), and (2) a new shear crack surface must be formed at the growing vug tip (fracture toughness).
[18] 1. The viscous dissipation in the moving fluid within the vug controls the speed of the vug wave migration and determines the alongcrack pressure gradients within the moving vug wave, as shown in Figure 3c . To estimate viscous dissipation, we approximate the vug as a crack of constant width (or thickness) w that for an overpressured mode I crack can be expressed in terms of the mean overpressure P and crack length l as
For this geometry, the viscous dissipation _ j is
where u is the average flow rate through the crack. This relation for viscous dissipation is based on the channel (Poiseuille) flow solution through a 2-D channel of constant width [Turcotte and Schubert, 1982, p. 234] , in which the local viscous dissipation per unit crack length is equal to the product of the local along-crack pressure gradient dP/ds times the net fluid flux (mean velocity times crack width) through the crack. Since the volume of the crack is constant, 2004GC000818 movement of the tip exerts a pull on the fluid, inducing an along-crack pressure gradient
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where the vug tip is a pressure low and the vug tail is a pressure high. (Note that a solution for D'Arcy-flow-like migration of melt in a ''porous'' high-permeability vug crack would lead to a similar parametric relation between the alongcrack pressure distribution and fluid transport.)
[19] 2. The fracture toughness associated with creating the new shear crack tip surface area [Atkinson and Meredith, 1987; Rubin, 1998 ]
A value of K II yield = 3 MPa ffiffiffi ffi m p for the formation of new surfaces in olivine [Atkinson and Meredith, 1987] leads to a rate of energy consumption
This value is likely an upper limit for mantle processes, and it would be reduced by any stressrelaxation processes at the crack tip. The fracture toughness determines the smallest size at which a fluid-filled crack can move as a vug wave:
(For a regional far-field deviatoric stress of 1 MPa, this minimum size is %3 m.)
[20] Combining equations (3), (4), (6), (8) and (11) into a single expression leads to the following net work balance associated with the stable migration of a vug wave:
where the first two terms in this equation represent net energy releases driving vug wave propagation, and the last three terms are energy sinks that resist its migration.
Speed of Vug Wave Propagation (in the Elastic Limit)
[21] For vug waves of length 10 -1000 m, the dominant driving and resisting terms are the terms highlighted with brackets in equation (12): mode II strain-energy release (proportional to the vug wave speed) is what drives vug wave motion; mode I strain-energy consumption (proportional to the square of the speed), and viscous dissipation associated with vug wave motion (also proportional to the square of the speed) are what limit how fast the vug wave will move. The energy analysis including only these three dominant terms predicts the speed for stable vug wave propagation:
(the two forms are equivalent), plotted in Figure 4a . Velocity is proportional to the square of the farfield stress, and linearly proportional to the length and the overpressure. (The relation (Ds) 2 = (3/2) PdP can be seen either from the equivalence of (13) and (14) or directly from the expressions (3) and (6) and the relation that the viscous dissipation is equal to half of (6).)
[22] In the above analysis, the elastic resistance to vug wave motion is twice as large as the viscous resistance (the viscous dissipation within the vug fluid is half the elastic strain-energy reduction between opening the tip and closing the tail), and one third of the shear-strain energy release goes into heating the vug fluid. This can be seen by rewriting (9) as dP = 12 h f ul/ w 2 and substituting this relation into (8), which results in _ j = ÀdP wu. Further substitution of (7) for w leads to _ j = _ F I /2.
Criterion for the Validity of the Elastic Solution: The De Number
[23] Here, we assess several simple criteria to decide how appropriate this elastic solution is in a viscoelastic world. As discussed in section 2.1, the first order estimate of the validity of the solution is to calculate the Deborah number [e.g., Connolly and Podladchikov, 1998 ]. The local viscoelastic relaxation time of the upper mantle from equation (1) is 0.6 to 60 years for Newtonian viscosities of 10 18 to 10 20 respectively. For a vug wave, the characteristic time, t vw , is the length of time that any portion of rock will interact with a particular passing fracture, which is simply 2004GC000818 and so
[24] In the simple formulation above, because the velocity is linearly dependent on the length of the crack, the characteristic timescale is independent of crack length. De is plotted in Figure 4b . When P = Ds = 1 MPa, and mantle viscosities of 10 18 Pa s to 10 20 Pa s, as above, De = 10 and 1000, respectively. When De ) 1, the elastic approximation is reasonable. As shown in Figure 4b , the elastic solution is reasonable for mantle conditions when P > 1 MPa, and Ds > 0.1 MPa. The latter is a very reasonable value for mantle shear stresses. The origin of the overpressure will be discussed below.
[25] This criterion becomes much more complicated when one considers stress relaxation by viscous creep processes. At high-temperature, partially molten conditions of the asthenosphere, such relaxation at the grain scale is likely to be important and may significantly reduce the stress intensity at the crack tip, reducing the viability and the velocity of the vug wave. Specifically, the velocity of a fracture tip in the presence of creep-relaxation processes is a powerlaw function of velocity of the crack: the faster the crack-tip velocity, the higher the stress intensity associated with crack-tip propagation [e.g., Lobkovsky and Langer, 1998; Pegoretti and Ricco, 2001] . This relation introduces a nonlinearity into these equations, a complication we leave for future study.
Relative Importance of Strain Energy
Release Versus Buoyancy: The %g Number [26] In this theory, whether melt propagates as a vug wave or tensile dike will depend on the relative importance of the release of strain energy versus gravitational energy (buoyancy). The elastic shear strain-energy release F II per unit distance of vug wave migration is
while the gravitational energy release (assuming that the vug wave migrates at an angle q from the vertical) is
We call the dimensionless ratio of these two energy releases the Fg number (sounds like ''Fiji''):
Fg = 100 for a vug wave with l = 10 m, P = Ds = 1 MPa cos q = 1 (vertical ascent), and Dr = 300 kg/m 3 . For this melt-rock density contrast, only for vug waves more than a kilometer in length would the gravitational energy release be larger than the shear strain energy release associated with vug wave propagation (i.e., for l > 1 km, Fg < 1). Thus there appears to be a significant intermediate length-scale in which rock deformation should play a more important role than magma buoyancy in driving magma migration.
Discussion
Limits of the Current, EnergeticsBased Theory
[27] When applicable, energy arguments often lead to simple and powerful theoretical formulations that bypass the considerable mathematical complexity of problems combining elasticity, fracture, and viscous flow. The above analysis showed that vug wave propagation is energetically feasible, and could determine the speed of such vug wave propagation if it does occur. However, this is not the same as demonstrating that vug wave behavior does occur; to do so, we will need either a more complete theory or a convincing laboratory demonstration. Here, we discuss more of the realistic complexity of the problem.
Vug Wave Nucleation and the Origin of Melt Overpressure -P
[28] We envision that vug wave nucleation requires both an ambient melt overpressure (which may be quite small) and the presence of planar concentrations of melt. Such planar concentrations of melt can form in several ways, driven by reactive instabilities [e.g., Aharonov et al., 1995] and/or by shear stress in the parameter regime where local viscous matrix deformation dominates melt buoyancy as the driving force for melt migration [e.g., Holtzman et al., 2003] . The necessary melt overpressure (1 MPa was assumed in the previous analysis) appears easy to achieve as this overpressure is routinely found in dynamic poroviscous melt migration calculations [Aharonov et al., 1995; Connolly and Podladchikov, 1998; Kelemen et al., 1997] , and is also the overpressure that would be generated by the intrinsic volume increase between melt and solid produced by a 50 m interval of pressure-release melting prior to melt escape (see Appendix A). For a more complicated scenario, Renner et al. [2000] demonstrated that during deformation of a partially molten solid the overpressure depends on the permeability, i.e., on how rapidly melt can escape or reorganize. Thus, when shear is localized in weak, melt-rich layers, the melt may experience a slight overpressure if it cannot escape quickly enough to relax the mean stress in the solid matrix.
[29] During the nucleation stage of a vug wave, growth of one end of the proto shear crack would release more energy than the growth of the other, for example because its extension would be upward (releasing more gravitational energy) or into the direction of increasing shear stress (releasing more shear-strain energy). This second order asymmetry in the energy release associated with crack growth is what would favor initial growth of one crack tip over the other. The dynamics of this transient start-up phase are not analyzed in this study, which focuses on the easier-to-address question of whether and how a vug wave, once formed, would stably migrate.
Crack Closure Problem
[30] The biggest uncertainties in the above formulation arise from the coupling of viscous flow within a thin crack and elastic crack theory. We have assumed (like many previous workers, from Weertman [1971] to Dahm [2000] ) that the vug crack tail closes, but the details of how it closes cannot be found from these simple energy-based arguments. For example, Stevenson [1983] noted that there is an inherent inconsistency in coupling tensile crack growth to viscous flow within these cracks; as the crack thins, it becomes harder and harder for viscous pressure gradients to squeeze melt in or out of it, because the necessary pressure gradient depends on the inverse cube of the crack width. The physical meaning of this relation is unclear; in the field one often sees ''ends'' to dikes, which indicates that nature does not suffer (as much as we do) from our conceptual difficulties.
[31] We see several possible mechanisms to close the tail:
[32] 1. First, if the vug wave leaves behind it a thin film of melt, that melt will be quickly disseminated into nearby triple and quadruple junctions by surface tension, which is possible when the melt tends to wet grain boundaries, as in the olivine + basalt system [e.g., Stevenson, 1986; Riley and Kohlstedt, 1991] . This force can be quite large between geologically immiscible materials such as a vapor, an aqueous, or a molten-iron vug fluid and its silicate host but is significantly smaller between basaltic magmas and solid peridotite. [33] 2. If a vug wave is propagating through a porous elastic or viscoelastic matrix, melt or fluid may be pulled in at the tip and expelled at the tail. In this scenario, based on the one discussed in section 2.1 and Figure 2b , the ''crack'' is that region which has surpassed the threshold melt fraction, known as the rheologically critical melt fraction (RCMF). Thus, to close, the melt fraction simply has to descend below the RCMF as melt is expelled toward the direction of propagation. Some of that melt may also be injected back into the matrix and disseminated by surface tension as discussed above. However, because permeability generally depends strongly on melt fraction, it may be easier to pull melt into the crack near the propagating crack tip than to reinject it into the matrix near the crack tail. In this case, the crack volume will grow. Because velocity depends on length, as it grows it may also accelerate. In this scenario, Stevenson's [1983] objection is no longer applicable, as one would simply be using idealized ''elastic crack'' and ''viscous flow within a crack' approximations to describe the solid'' and ''fluid'' end-member behaviors of this well-defined (but more complex!) material. The previous two possibilities deserve in-depth numerical exploration with variants of the numeric approach of Connolly and Podladchikov [1998] that can incorporate boundary conditions of simple shear deformation.
[34] 3. If the vug wave propagates through a region that is partially molten, the higher pressure within the vug tail could promote freezing (crystal growth) just as the low-pressure tip promotes partial melting of the surrounding host rock, which could also provide a possible thermodynamic mechanism for tail closure. Exploring this idea would require development of a coupled thermodynamic-mechanical approach (e.g., latent heat effects and local heat conduction can become locally important), and may suggest field-observational tests. While each of these possible mechanisms may be applicable under certain conditions, we do not yet see a better way to incorporate any into the previous, simple energy-based theoretical derivation.
Applications
[35] The potential applications to nature are numerous. Such a simple theory may be easily adapted to a wide range of fluid-rich rapidly deforming settings in the earth. We focus our discussion on one possible application of vug waves to a particularly exciting discovery in geodynamics, and conclude with a short list of several other possible applications.
Vug Waves and ''Silent Slip''
[36] Great insight into the dynamics of subduction zones may soon come from recent observations of short lurches in crustal movements associated with quiet seismic rumbling. In Cascadia, GPS stations generally migrate monotonously landward, punctuated by brief lurches of 2 mm seaward over a period of 10 days. These lurches are associated with very subdued seismic rumbling or noise, but no marked ''normal'' seismicity. Dragert et al. [2001] estimate that the slip process responsible for the lurches occurred over an area of about 50 km (in the subduction direction) by 300 km (trench parallel) on the slab-mantle wedge interface, based on the distribution of the GPS stations at which the movements are observed. This patch of the interface occurs at depths of about 30-40 km, which they estimate corresponds to temperatures of about 500°C. Furthermore, the lurches are periodic, occurring about every 13-16 months [Dragert et al., 2004] . Similar phenomena are occurring in other subduction zones in Japan [e.g., Ozawa et al., 2001] and Mexico [e.g., Lowry et al., 2001] . Thus this phenomenon, referred to as ''silent slip'' or episodic tremor and slip (ETS) may be a common part of the subduction process and tell us a great deal about the processes of coupled fluid flow and rock deformation in general.
[37] Here, we suggest that silent slip may be explained by a vug wave mechanism. The slip must occur by a sudden change in the effective rheological properties of the interface, and the mechanism must be able to explain the observed periodicity, velocity, and aseismicity. If a dislocation-like process is responsible for the slip, the velocity of the vug wave is much faster than the plate velocity; it is roughly the up-dip length of the slipping patch divided by the duration of the event: 50 km/10 days or 0.06 m/s. Thus we imagine that fleets of vug waves migrate up the slope of the interface at roughly this velocity, transporting fluid in them, as shown in Figure 5 . This velocity is within the realm of possibility as predicted from the simple analysis here, using parameters of l = 1-100 m, Ds = 1-100 MPa, P = 1 MPa, h f = 1 Pa s (for a ''wet'' melt) and m = 60 GPa, as shown in Figure 6 . Note that if h f is that of an aqueous fluid ($0.01 Pa s), then much smaller waves will be able to achieve the required velocities. Even if the temperatures are warmer than suggested (500°C), the elastic end- 2004GC000818 member analysis may be reasonable because cracktip relaxation would probably be quite slow. The viscosity of damp olivine aggregates in the mantle wedge would be %10 21 Pa s and in the slab at 900°C, >10
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22 Pa s at 50 km [Hirth and Kohlstedt, 2004] . Taking these as extreme lower bound estimates, considering the estimate of 500°C, the viscoelastic relaxation times would still be 500 and 5000 years, respectively, much longer than the characteristic timescale of the slip process.
[38] The periodicity may reflect the time required for sufficient fluid volume and fluid pressure to accumulate, and for sufficient elastic strain to produce the required background stress to drive vug waves. The latter may be estimated in the following manner: after a stress-releasing event, stress in the region will accumulate to its background viscoelastic level (which is a function of the strain rate) in approximately the viscoelastic relaxation time. For h s = 10
19 Pa s (a very low estimate for the slab-wedge interface), t h % 1 year, on the same order as the periodicity of silent slip episodes. If the slab-wedge interface is 1 km thick accommodating a convergence rate of 3 cm/year, a strain rate of 10 À12 s À1 , and the same viscosity will yield a stress of 10 MPa. The rate of fluid release and accumulation is more difficult to estimate. The region where the up-dip end of the slipped patch makes a transition to the beginning of the locked zone may occur where vug waves die; death may occur for several reasons: (1) the fluid freezes, (2) the surrounding rock begins to fracture by fluid overpressure and the fluid disperses in the medium.
[39] If the characteristic shear stress, Ds, and/or vug wave overpressure, P, can be better constrained, then one could further quantify the vug wave theory to relate the creep along a subduction zone to the fluid migration and effective rheology within this region. For example, the net slip rate along a fault surface deforming by vug wave passage along the fault would be equal to the slip-increment associated with each vug wave (2(Dsl/m E (1 + n E )) multiplied by the number of vug waves that pass a point per unit time, while the fluid flux transported by these vug waves would be the cross-sectional area of a vug wave (= l 2 P p 4 1Àn ð Þ m E ) times the number of vug waves per unit time. This implies that the ratio of fluid transport to slip will Figure 5 . Vug waves as agents of ''silent slip.'' This sketch depicts fleets of vug waves creeping up the slab interface toward the locked zone of the interface between two plates. The whitish area with yellow dots signifies the region where episodic tremor and slip (ETS) originates [Dragert et al., 2001] , with the migration of clusters of vug waves as the physical mechanism for the subseismic displacements. Figure 6 . Vug wave velocities at conditions estimated for Cascadian episodic tremor and slip (ETS). The horizontal line represents ''defect'' velocities necessary for a dislocation-like process to account for displacement across the area estimated for the Cascadian ETS by Dragert et al. [2001] . These velocities appear easy to achieve based on the simple analysis presented in the text. be %0.37l P/Ds, i.e., proportional to the characteristic length of a vug wave, and also proportional to the ratio of P to the characteristic shear stress in the region, Ds. For small P/Ds ratios, vug waves can lead to large deformations associated with relatively small fluid-transport. For example, if the P/Ds ratio is 10 À2 , then the propagation of a millions of 3-m-sized vug waves, each associated with %1 mm of slip, would lead to 1 km of slip for each 10 m 3 /m of fluid transport per meter cross section along the fault surface.
Other Potential Applications
Ridge Melt Extraction
[40] Vug waves and their more viscous/viscoelastic variants may be important melt transport mechanisms beneath spreading centers. In the high-temperature, partially molten conditions of the upwelling asthenosphere, the vug wave may be closer to the viscous end-member discussed in section 2.1. In this case, a different set of equations will be required to estimate the velocity. Nonetheless, the concept may still be very relevant.
[41] Recent geochemical discoveries on trapped melt inclusions and short-lived radionucliides in mid-ocean ridge basalts (MORB) pose two fundamental problems for previous ideas for subaxial melt transport. Melt inclusions trapped in olivine xenocrysts indicate that many small and chemically distinct batches of melt may form and ascend at depth beneath a spreading center Shimizu, 1993, 1994] . Short-lived radionucliide data indicates that magmas quickly ascend from regions of magma generation to surface eruption, spending less than 100 -10,000 years in transit between melting at 25-100 km depth to volcanic eruption [Sims et al., 2003; Rubin, 1998; Goldstein et al., 1991; Lundstrom et al., 1999] . These velocities, 10 -250 m/yr, are marked on Figure 4a . Ascending vug waves can contribute to a solution for these observational constraints. By definition, vug waves move small batches of melt; the current form of the analysis suggests that a 10 m diameter, 1 mm thick melt ''disc'' can propagate as a vug wave for a melt overpressure and ambient deviatoric shear stress of 1 MPa. In the absence of viscous relaxation of crack-tip stresses, such vug wave would take only 1500 years to traverse the 100 km from source to surface. For a single vug wave, these equations would provide an upper-end estimate of the velocity. More rapid ascent may occur if small vug waves coalesce into larger, even faster moving ones.
[42] To imagine how vug waves may contribute to the melt transport process beneath a mid-ocean ridge, we return to the melt migration mechanism map in Figure 1 . Generally, the melt migration process will move from predominantly viscous to elastic matrix control as temperature drops and as melts ascend. In Figure 1 , the De number defined above forms the horizontal axis determining the relative importance of elastic versus viscous matrix deformation. On the vertical axis, the Fg number, also defined above, describes the competition between the two primary driving forces for melt migration, melt buoyancy and matrix strain-energy reduction. Many paths through the space defined in Figure 1 may be possible. For example, when high-productivity melting begins, melt may initially segregate into channels by stress-driven organization [e.g., Holtzman et al., 2003] . In the higher stress/ higher viscosity regions of the subridge environment these channels may degenerate into vug waves. When the matrix permeability becomes too high to maintain a the necessary overpressure, or when the ambient shear stress becomes too low to drive transport, then they may transform into buoyancy-driven porosity waves. When buoyancy forces become large relative to matrix strain energy reduction (Fg < 1), the vug waves may transform into tensile dikes or porosity waves. They can also stop if the fluid freezes. A third axis, not shown, describes the kinetics of melt-rock reaction which also may occur during vug wave migration.
[43] The vug wave mechanism also offers an attractive mechanism for focusing widely dispersed subaxial melts into the narrow axial neovolcanic zone observed at all spreading centers [Phipps Morgan, 1987; Macdonald, 1982] . For plate separating above a uniform viscosity asthenosphere substrate, planes of maximum shear stress point toward the spreading axis [Phipps Morgan, 1987] . The maximum shear stress increases toward the spreading axis as [Phipps Morgan, 1987] 
where U is the half-spreading rate, h s is the subridge asthenosphere viscosity, r is the radial distance from the spreading axis, and q is the angle between this radius and a vertical line beneath the axis. The solution is plotted in Figure 7 . It clearly shows that the stresses increase toward the sides and top of the melting region, suggesting that vug wave propagation up these axially converging shear planes could naturally focus melts toward the spreading axis.
Orogenic Vug Wave Applications
[44] Vug wave processes may also play an important role in orogenesis, with both magmatic and hydrous vug fluids acting to lubricate large shear and thrust faults, providing the physical mechanism underlying the ''caterpillar-slip'' deformation process imagined by Oldham [1921] and Price [1988] . Geologists have often noted the association of ''frozen'' magmatic intrusions with shear zones; such intrusions are found within both continental (e.g., Canadian Cordillera [Hollister and Crawford, 1986] and Alpine Ivrea Zone [Handy and Streit, 1999] ) and oceanic (e.g., Lizard Ophiolite [Allerton and MacLeod, 1998 ] and Lanzo peridotite massif [Boudier, 1978; Nicolas, 1989] ) settings. Perhaps the magmas are not only intruding into weaker shearing regions, but are also serving to weaken these shear zones by vug wave motion? In a mechanically similar vein, could the passage of hydrous vug waves created by dehydration reactions be an important weakening agent needed for nappe tectonics and the large-scale overthrusting found at convergent margins?
Conclusions
[45] While the analysis presented here is very simplistic, there are many potential applications of the variations we propose. These possibilities warrant further exploration in both theory (extensions to viscoelastic and viscous compaction variants) and observation (field and experimental). If vug waves are important in nature, then we must ask under what conditions do they nucleate, propagate, transform into other mechanisms, or freeze? Future tasks will be to study their behavior in controlled laboratory environments, and to search for observational techniques to image vug waves in the field.
that the melting occurs. This elastic self-pressure is defined as
[47] For simplicity, we will assume that the melting mantle has a uniform density of 3.3
Mg m 3 , and each increment of melt a density of 3.0 Mg m 3 , i.e., a density change of 10% during melting. Until melt escapes, the density reduction caused by the transformation from solid to melt must be accommodated by increased compression of the (viscoelastic) solid, which is the origin of the melting-induced overpressure. The elastic self-pressure, P el , is compressive (<0) and is given by
where K is the elastic bulk modulus of the rising mantle (K % 100 GPa) and D is the fractional volume change associated with melting,
where df is the fractional volume of melt produced. df = (dF/dP)dP melt , where dP melt is the change in the pressure of the melt, and the adiabatic melt productivity per unit of pressure release is dF dP = 0:18 GPa (cf. Phipps Morgan [2001] for further discussion of the thermodynamics of pressure release melting]. (Note also that this P el is the opposite of the effective pressure, P eff = P lith À P melt for low melt fractions, using the definitions in Connolly and Podladchikov, 1998.) Combining equations (A2) and (A3) with the relation above between df and dP melt yields
(DP el % P el when the initial state has f = 0.) From equation (21), the melt pressure change is the sum of the change in lithostatic pressure plus the elastic self-pressure induced by the density decrease associated with melting. Therefore, rewriting equation (21) as dP melt = DP lith + DP el , and combining it with equation (A4), we get DP lith ¼ dP melt À DP el ¼ dP melt 1 À DP el =dP melt ð Þ % 2:7dP melt :
[48] In words, equation (A5) states that the change in pressure in an elastic solid melting by pressure release will only be about 1/2.7 or %40% of the external (lithostatic) pressure release, since the volume expansion induced by melting generates an internal elastic overpressure that accommodates 60% of the external pressure drop. For parameters appropriate to mid-ocean ridge melting, this internal overpressure is equal to 60% of the lithostatic pressure release. In other words, 50 m of ascent with melting but no melt escape will generate an internal overpressure of 1 MPa.
[49] Other implications of this simple analysis are that melt escape will lead to additional pressure release that generates an additional 1.5 times as much melt as the melt increment produced prior to escape, and that very small melt buildups, prior to any melt escape, generate large internal overpressures. For example, 50 m of lithostatic pressure release induces a (trapped) melt fraction buildup of only 10 À4 that is associated with this internal pressure buildup of 1 MPa. Viscous relaxation will tend to relieve this overpressure. However, the appropriate viscosity for the creep relaxation of this partially molten material is its bulk viscosity, proportional to the shear viscosity of the rock divided by the melt fraction. Note that, without melt flow, the volumetric strain could not be anything but elastic because while the melt and solid are both elastically compressible, neither has an intrinsic bulk viscosity. For small melt fractions the appropriate viscoelastic relaxation time would be considerably longer than the 500-3000 years needed for the rock to ascend 50 m at the typical speeds associated with slow passive ridge upwelling (active upwelling would be associated with faster ascent than this). Clearly, this simple analysis suggests that even almost perfect melt escape can still be associated with significant ($MPa) overpressure buildup within an ascending, melting region.
